conversion between the different conformations of the ␤ subunits was achieved by rotation of the central ␥ subunit relative to the (␣␤) 3 subcomplex. Experimental evidence for rotation in F 1 is generally presented as having at most two of the three been determined at 2 Å resolution. In contrast to all catalytic sites occupied by nucleotide (Fersht, 1998; previously determined structures of the bovine enStryer, 1995). zyme, all three catalytic sites are occupied by nucleoThis paper describes the crystal structure of an alutide. The subunit that did not bind nucleotide in previminium fluoride inhibited form of bovine mitochondrial ous structures binds ADP and sulfate (mimicking F 1 -ATPase in which nucleotide is bound to all three phosphate), and adopts a "half-closed" conformation.
Introduction
Results and Discussion (Table 1) . The resulting etry ␣ 3 ␤ 3 ␥ 1 ␦ 1 ⑀ 1 ) hydrolyzes ATP. Both ATP synthase and structure is the most detailed currently available for this F 1 -ATPase display remarkable cooperativity between complex oligomeric assembly, revealing, for example, the three catalytic sites, which are in the ␤ subunits at the complete coordination of the magnesium ions at the the interfaces with the ␣ subunits. According to the nucleotide binding sites for the first time. As previously binding change mechanism of catalysis (Boyer, 1993), observed in the structure of F 1 -ATPase inhibited with the three catalytic sites are in different conformations dicyclohexylcarbodiimide (F 1 -DCCD) (Gibbons et al., at any given time, but interconvert sequentially between 2000), the smaller unit cell (compared to that of the these different conformations as catalysis proceeds.
original structure) results in improved ordering of the The mechanism is supported by biochemical and kinetic central stalk, which is made up of the ␥, ␦, and ⑀ subunits. data (reviewed in Boyer, 1993) and by the crystal strucComparison with the structure of the previously deterture of the bovine mitochondrial Figure 1a) , so that all three catalytic sites It is probable that this asymmetry plays an important role are occupied. Nucleotide binding to the ␤ E subunit is in the binding change mechanism of catalysis, where accompanied by a large conformational change in that binding of substrates to one ␤ subunit promotes catalysubunit, and smaller changes in the adjacent ␣ E and ␤ DP sis at a second ␤ subunit. subunits.
Quaternary and Tertiary Structural Changes
Conformational States of the Catalytic ␤ Subunits On the basis of the native F 1 -ATPase and the in F 1 -ATPase The original F 1 -ATPase structure, which will be referred (ADP.AlF 4 Ϫ ) 2 F 1 structures, it is possible to define three distinct conformations for the catalytic ␤ subunits. to as "native," was determined using crystals grown in the presence of AMP-PNP and ADP (Abrahams et al., These conformations can be described as "closed," with high affinity for nucleotide, "half-closed," with intermedi-1994 and has the effect of closing the ␣ E /␤ E catalytic interface (Figure 1c) . The larger rotation is about an axis approxiThere are significant changes (Ͼ30Њ) in backbone torsion angles in many different regions of the nucleotide bindmately orthogonal to the particle axis and results in the correct placement of the catalytic residues ␤Glu188, ing domain, but the largest changes (Ͼ100Њ) occur in the loop linking helix B to ␤ strand 4 (␤176-180). Muta␤Arg189 relative to the phosphate groups of the nucleotide. In both of these structural transitions, residues genesis of glycine residues in this loop in The positions of residues involved in binding the nucleotide, including ␤Val164, ␤Tyr345, ␤Phe418, and molecule which is an apical ligand to the Al 3ϩ ion, consistent with a role for this residue in polarizing or deproto␤Phe424, which form the adenine and ribose binding pocket, and the P loop residues (␤159 and ␤161-163) nating a water molecule for inline attack on the ␥-phosphorous group in the hydrolytic reaction. The Mg 2ϩ ion which interact with the ␣-and ␤-phosphates, are essentially unchanged relative to the closed conformation is coordinated by a ␤-phosphate oxygen (2.1 Å ), a fluorine ion (1.9 Å ), the hydroxyl of the P loop ␤Thr163 (2.1 Å ), (Figure 3c ). However, the side chains of the catalytic residues ␤Glu188, ␤Arg189, and ␣Arg373 have moved and three water molecules (1.9 Å , 2.2 Å , and 2.3 Å ). Two of these waters form hydrogen bonds with the carboxyl-6.5 Å , 3.9 Å , and 4.1 Å , respectively. These shifts are a result of the 23Њ rotation of the lower part of the nucleoate oxygens of ␤Glu192, while the third hydrogen bonds to a carboxylate oxygen of ␤Asp256 (in the Walker B tide binding domain and the C-terminal domain and in addition to a large change in the main chain torsion motif). By analogy with other AlF x -inhibited NTPases, this active site conformation can be interpreted as modangles of ␤Glu188 (Ϫ110Њ,Ϫ155Њ (␤ DP ) to Ϫ65Њ,130Њ (␤ ADPϩPi )). The carboxylate group of ␤Glu188 now stacks eling a transition state of the reaction. Site-directed mutagenesis of residues equivalent to ␤Lys162, ␤Glu188, against the side chain of ␤Tyr219, and is remote from the active site. The sulfate group lies 3.5 Å away from ␤Arg189, ␤Asp256, and ␣Arg373 in E. coli F 1 -ATPase supports the proposed roles for these residues in catalythe position of the AlF 4 Ϫ group in the closed conformation and is coordinated by the guanidinium groups of sis (Amano et al., 1996; Lobau et al., 1997; Nadanaciva et al., 1999a Nadanaciva et al., , 1999b , although the precise role of ␣Arg373 (3.0 Å ) and ␤Arg189 (2.9 Å ) and the ⑀-amino group of ␤Lys162 (2.9 Å ). The phosphate binding site is ␣Arg373 is contentious (Le et al., 2000) .
Although the conformation of the ␤ TP subunit is very only present in the half-closed conformation of the ␤ ADPϩPi subunit. In both the closed and open conformasimilar to that of the ␤ DP subunit, the catalytic sites are not equivalent, due to the different relative positions of tions, the relative positions of these three side chains (␣Arg373, ␤Lys162, and ␤Arg189) are very different (Figthe corresponding ␣ subunits (which contribute residues to the catalytic sites). The ␤ TP catalytic site is more open ures 3c and 3d), and in the former, the phosphate site is occupied by the side chain of ␤Tyr311. Assuming that than that of the ␤ DP subunit (Figure 3a) . In particular, the guanidinium group of ␣Arg373 is over 1 Å further from the half-closed conformation is transient in nature and only occurs during catalysis, this is consistent with the the ␥-phosphate position in the ␤ TP catalytic site ( Figure  3b) . The other catalytic residues (␤Lys162, ␤Glu188, very low affinity of Pi for soluble F 1 -ATPase (K d (Pi) Ͼ 10 mM for the E. coli enzyme; Weber and Senior, 1997). ␤Arg189) have moved by between 0.3 Å and 0.6 Å . Although these differences are relatively small, they could
The low nucleotide affinity of the ␤ E subunit of the native structure can be explained by comparing it to have a marked effect on catalysis. Site-directed mutagenesis of F 1 -ATPase from Bacillus PS3 has shown that the ␤ ADP ϩPi subunit in (ADP.AlF 4 Ϫ ) 2 F 1 (Figure 3d) . Firstly, the residues in the P loop (␤156-163) are less well ordered (mean B 74 Å 2 compared to 39 Å 2 in the ␤ ADP ϩPi subunit) and there are changes in main chain conformation. Secondly, the adenine binding pocket is highly distorted. The side chain of ␤Phe424 has moved by 4 Å , and the loop containing this residue (␤421-428) is very mobile (B Ͼ100 Å 2 for main chain atoms). The side chain of ␤Tyr345 has also moved by 2 Å , and the large relative movement of the adjacent ␣ E subunit results in the entire nucleotide binding site becoming solvent accessible. Thirdly, the side chain of ␤Lys162, which interacts with the nucleotide phosphate groups when nucleotide is bound, adopts an extended conformation and forms a salt-bridge with ␤Asp256. which also has C-terminal helix, ranging from less than 1Њ for the final residues (␥259-272) to a maximum of about 20Њ for resia shrunk unit cell, but has a ␤ E subunit in the open conformation. However, it is clear from a comparison dues ␥234-244 (which form the coiled-coil with residues ␥20-10). The axis for the rotation is almost parallel to of the relative positions of the ␥ and ␤ E subunits in the native structure and the ␥ and ␤ ADPϩPi subunits in the and coincident with the axis of pseudosymmetry of the (␣␤) 3 subassembly, so that the observed rotation, al-(ADP.AlF 4 Ϫ ) 2 F 1 structure that some rotation of the ␥ subunit is essential to accommodate the half-closed conforthough small, is probably similar to the rotation that occurs during catalysis. The variation in the rotation mation of the ␤ ADPϩPi subunit in order to avoid steric clashes between the ␤ and ␥ subunits. It appears from angle implies that the coiled-coil is slightly more twisted in the (ADP.AlF 4 Ϫ ) 2 F 1 structure than in the native form. these structures (and from the native structure where almost half of the ␥ subunit was disordered) that there Assuming that the current structure represents the posthydrolysis, pre-product release state, the next step is a significant degree of internal flexibility within the ␥ subunit, which may act as an elastic element coupling on the catalytic cycle will be product release (␤ E subunit in the fully open conformation), followed by substrate the rotation of the ring of c subunits to the conformational changes at the catalytic sites in the intact ATP (ATP) binding to the ␤ E subunit. This latter step probably results in a partially closed conformation of the ␤ E subsynthase. This elasticity would be essential if, as suggested from the number of c subunits in the yeast F 1 c 10 unit similar to that observed in the current structure. On this basis, the rotation of the ␥ subunit during the prodsubcomplex (Stock et al., 1999) , the number of protons translocated per synthesized ATP can be nonintegral. uct release and substrate binding steps is likely to be quite small and not uniform over the length of the ␥ subunit. The greater part of the 120Њ rotation that accom-
The Central Stalk The central stalk in mitochondrial F 1 -ATPase is made panies a single catalytic turnover will be associated with the committed ATP hydrolysis step.
up of the ␥, ␦, and ⑀ subunits. It provides the structural 
